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Abstract An analysis of nuclear spin-lattice relaxation data
in the normal state of cuprates that appropriately accounts
for the highly anisotropic structures shows no contrasting
temperature dependence of the Cu, O, and Y relaxations,
which suggests that all nuclei relax by the same mechanism
of the spin liquid. To investigate the temperature dependence
of this mechanism, the model of fluctuating fields is used in
which the rates are expressed in terms of hyperfine inter-
action energies and an effective correlation time τeff char-
acterizing the dynamics of the spin fluid. The former con-
tain the effects of the antiferromagnetic static spin correla-
tions, which cause the hyperfine field constants to be added
more coherently at low temperature but incoherently at high
temperature. At low temperatures, τeff grows linearly with
temperature as in ordinary metals. At high temperatures,
however, the nuclear spin-lattice relaxation rates in various
cuprates unequivocally reflect local moment features. This
behavior is similar to that observed for the magnetic tran-
sition metals Fe, Co, and Ni, where also some properties
show a cross-over from an itinerant behavior of delocalized
electrons at low to that of localized moments at high tem-
peratures.
Keywords Nuclear magnetic resonance · Cuprates ·
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1 Introduction
Nuclear magnetic resonance (NMR) is a powerful probe
for investigating the microscopic magnetic properties of
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cuprates that exhibit high-temperature superconductivity.
An eminent advantage of this method is based on its highly
local nature which allows one to get information about the
distinct chemical species in the materials and make selec-
tive measurements of different crystallographic sites (for re-
views, see Refs. [1, 2]).
The nuclear spin-lattice relaxation rate, kT −11α for a nu-
clear species k, is the rate at which the magnetization re-
laxes to its equilibrium value in the external magnetic field
applied in direction α. The relaxation of the nuclei under
consideration in the cuprates is caused by two or more fluc-
tuating hyperfine fields that originate from magnetic mo-
ments localized near the coppers. Since the squares of these
fields come into play, one of the first tasks when interpret-
ing spin-lattice relaxation data is to determine whether the
hyperfine fields should be added coherently or incoherently
at the nucleus. While Mila and Rice [3] added them inco-
herently, Monien, Pines and Slichter [4] considered both
extreme cases, and from the analysis of the copper data
in YBa2Cu3O7, concluded that within a one-component
model, the fields should be added coherently. The question
of coherency was put aside when Millis, Monien and Pines
(MMP) gave a quantitative and complete phenomenological
description of the relevant measurements by putting forward
a model [5, 6] where the nuclear spin-lattice relaxation rate,
via the fluctuation-dissipation theorem, is expressed in terms
of the low-frequency limit of the imaginary part of the spin
susceptibility χ which is split into two parts, χ = χAF +χFL.
The first term, χAF represents the anomalous contribution to
the spin system and is peaked at or near Q = (π/a,π/a).
The second term, χFL, is a parameterized form of the nor-
mal Fermi liquid contribution. For copper, the contributions
from the Fermi liquid part are much smaller than those from
χAF but they dominate the relaxation of oxygen and yttrium
nuclei. In the parameterization for χ introduced by MMP,
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χAF is strongly peaked at Q and the hyperfine fields at the
copper are added essentially coherently. On the other hand,
for any q-independent χFL, the contributions of these fields
are strictly incoherent, and the fields at the oxygen, are there-
fore added incoherently in the MMP theory.
This coherency is related to the short range antiferromag-
netic (AFM) correlations. To investigate its temperature de-
pendence in detail, we have reanalyzed [7] various NMR re-
laxation rate data with the goal to get the information on the
degree of coherency directly from the data. The premises of
our different approach to the analysis of spin-lattice relax-
ation data in the normal state of cuprates are the following.
We go back to the simple model of fluctuating fields [8]. We
retain, however, the AFM correlations which are an essen-
tial feature of the concept of the nearly AFM Fermi liquid.
The normalized AFM spin-spin correlations between adja-
cent coppers are a key quantity, since they determine to what
extent the hyperfine fields are added coherently.
Since cuprates are very anisotropic materials, it is instruc-
tive to describe the spin-lattice relaxation rates kT −11α for the
nuclear species k with α denoting the direction of the ap-
plied static field in the following way
kT −11α = kUβ + kUγ (1)
where β and γ are the two orthogonal directions perpen-
dicular to α. The quantity kUβ describes then the contribu-
tion to kT −11α and kT
−1
1γ caused by fluctuating fields along the
crystallographic direction β . These transformed rates kUβ ,
which in the following will just be called rates, are not di-
rectly accessible by experiment except for particular sym-
metries (e.g., 63Uab = 63T −11c /2), but in general can be ob-
tained if a complete set of data measured with the applied
field along all three crystallographic axes is available.
For cuprates, the most complete set of NMR data with re-
spect to different nuclei and directions of external field rel-
ative to the crystallographic axes is available for optimally
doped YBa2Cu3O7 in the normal state between 100 K and
room temperature. One particular aspect that absorbed the
attention of the NMR community is that these experiments
show a dramatic contrast in the temperature dependence of
kT −11α between copper and oxygen sites in the CuO2-plane
although these sites lie less than 2 Å apart. However, the
temperature dependence of the transformed rates kUα ex-
hibits no drastic contrast between Cu, O, and Y. They grow
with increasing T , as is expected for fluctuations, and the
values for 63Uα are of the same order of magnitude as for
metallic copper. This suggests, therefore, that all nuclei un-
der consideration relax in a similar fashion by the same
mechanism of the spin liquid.
To investigate this mechanism, the model of fluctuating
fields [8] is used in which the NMR spin-lattice relaxation
rate is expressed as
kT −11α (T ) =
[
kVβ(T ) + kVγ (T )
]
τeff(T ). (2)
The term τeff(T ) is an effective electronic spin-spin correla-
tion time, and kVβ(T ) and kVγ (T ) correspond to the square
of the components β and γ of the hyperfine fields at the nu-
cleus. For a planar oxygen, the fluctuating fields stem from
the localized moments on the two copper moments (at site 0
and 1) adjacent to the O and one gets
17Vβ(T ) = 142 2C
2
β
[
1 + Kβ01(T )
] (3)
where Cβ is the hyperfine parameter and Kβ01 is the β-
component of the normalized “static” spin-spin correlation
defined as
K
β
01(T ) = 4
〈
S
β
0 S
β
1
〉 (4)
and can take values between −1 (fully antiferromagnetically
correlated and yielding 17Vβ = 0) and 0 (no correlation).
For the planar coppers, there are, besides the on-site hy-
perfine field Aβ , isotropic hyperfine fields B transferred
from the four nearest neighbor copper ions, and therefore
higher order AFM correlations Kβij are of importance. For
simplicity, it is assumed that these correlations decay ex-
ponentially with distance and can therefore be expressed in
terms of Kβ01, i.e. K
β
12 = |Kβ01|
√
2 and Kβ13 = |Kβ01|2.
Equations (2–4) emphasize the different temperature de-
pendencies that determine kT −1α (T ). The kVβ(T ), which
apart from the factor 2 are the static hyperfine energies
squared, vary with temperature due to changes of the sta-
tic spin correlations Kβ01(T ), whereas the effective correla-
tion time τeff(T ) reflects the changes in the dynamics of the
spin fluid. To extract the important physics of the spin liquid
from the NMR data, it is essential to disentangle these two
different temperature dependencies.
The determination of the temperature dependence of
K
β
01(T ) from the data for YBa2Cu3O7 gives [7] −0.5 at
T = 100 K with only a slight anisotropy between the in-
and out-of-plane components. This corresponds to a corre-
lation length of about one lattice constant. With increasing
temperatures, the AFM correlations become weaker and one
gets −0.1 at T = 600 K.
Once the temperature dependence of Kβ01(T ) is deter-
mined and the hyperfine parameters known, (2–4) can be ap-
plied to each of the seven sets of data for kUα(T ) [63Uc(T ),
63Uab(T ), 89Uc(T ), 89Uab(T ), and 3 for the planar O] to
obtain τeff. These seven curves for τeff nearly coincide and
the temperature dependence of the average τeff is well fit by
a function of the form
τ−1eff = τ−11 + τ−12 (5a)
with
τ1 = aT and τ2 = const. (5b)
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Fig. 1 Normalized relaxation rates τeff/τ2 versus T/Tx from measure-
ments in YBa2Cu3O7 (solid line from 0.23 to 1.19) and YBa2Cu4O8
(solid line from 0.50 to 4.54) and extrapolations (dashed and dotted)
to higher temperatures
We obtain a = 7.0 × 10−18 s/K and the temperature inde-
pendent τ2 = 3.0 × 10−15 s. These values allow us to com-
pare the model predictions with selected data obtained at
higher temperatures (up to 500 K for 63T −11c and up to 700 K
for 17T −11c and 89T
−1
1c ). The agreement is excellent for Cu
and good for O and Y.
For low temperatures, the spin-lattice relaxation rates in
YBa2Cu3O7 are thus dominated by τ1 = aT as in simple
metals. If a degenerate Fermi gas is employed, the value of
a corresponds to a Fermi temperature of 1050 K. At elevated
temperatures, a deviation from this linear T -dependence oc-
curs. Defining a cross-over temperature Tx by τ1(Tx) = τ2
one finds Tx = 420 K. This cross-over will be further dis-
cussed below. In Fig. 1, the normalized temperature depen-
dence of τeff/τ2 is shown versus T/Tx . The solid line (from
0.23 to 1.19) is the result of the analysis of the data from
T = 96 K to 500 K. The dashed line is the extrapolation to
higher temperatures according to (5a).
For underdoped compounds, less complete NMR data
sets are available. A fit of the spin-lattice relaxation experi-
ments in YBa2Cu3O6.63 gives somewhat stronger AFM cor-
relation, as expected, with Kβ01(T ) ≈ −0.65 at T = 100 K.
The extracted correlation times could not be fitted with the
function (5). However, the same ansatz
τ−1eff = τ−11 + τ−12 (6a)
but with
τ1 = aT e−g/T and τ2 = const (6b)
provides a very good fit with the values a = 10×10−18 s/K,
g = 97 K, τ2 = 2.9 × 10−15 s, and a cross-over temperature
Tx = 375 K. The gap g introduced here is of course con-
nected with the spin gap in the excitation spectrum which in
the NMR literature, however, is defined in quite a different
way.
In stoichiometric YBa2Cu4O8, NMR lines are much
narrower than in other cuprates and allow precise mea-
surements. In particular, the rates 63T −11c have been de-
termined [9, 10] up to 700 K and can be excellently fit-
ted with a correlation time given by (6) with g = 195 K,
τ2 = 1.9 × 10−15 s and Tx = 154 K. The solid line in Fig. 1
(from 0.50 to 4.54) is the result of the analysis of the Cu data
between 77 K and 700 K.
A large amount of NMR data exist also for La2−xSrx -
CuO4 for various doping levels x. Above 100 K, the re-
laxation rates 63T −11c become nearly independent of tem-
perature. Our model is in agreement with this behavior if
the cross-over temperature Tx < 100 K. Indeed, a fit of (6)
to the data for La1.85Sr0.15CuO4 gives Tx = 70 K and
τ2 = 2.9 × 10−15 s. Imai et al. [11] found that at high tem-
peratures (∼800 K) the rates of the doped metallic samples
were nearly identical to that of the undoped sample, which
is an insulator with a magnetic behavior that can well be de-
scribed by a two-dimensional Heisenberg antiferromagnet.
For the latter, Moriya [12] had calculated T −11 for a nucleus
of a magnetic ion treating the exchange interaction within
the model of a Gaussian random process with characteristic
frequency ωe.
The same identical behavior of the insulating and metal-
lic materials at high temperatures is also found in the
YBaCuO family. For the insulating parent compound
YBa2Cu3O6, Pozzi et al. [13] reported that in the paramag-
netic phase 63T −11c declines with increasing temperature and
levels off between 800 and 900 K at a value of ∼2000 s−1.
In the metallic underdoped compound YBa2Cu4O8, Zim-
mermann et al. [9] measured a value of about 1800 s−1 at
750 K. The same value is also obtained [14] for optimally
doped YBa2Cu3O7 at the highest measured temperature of
500 K.
Within our model, the copper NMR relaxation rate sim-
plifies for high temperatures to
63T −11c (T → ∞) =
2
42
(
A2ab + 4B2
)
τ2 (7)
since the hyperfine fields are added incoherently and τeff ≈
τ2. The values for the hyperfine interaction energy pa-
rameters are only approximately known. It is generally
agreed, however, that |Aab| is much smaller than B such
that 63T −11c (T → ∞) ≈ 2(B/)2τ2. With B = 0.47 µeV
(Ref. [15]) and τ2 = 2.9 × 10−15 one gets 63T −11c (T →
∞) = 2900 s−1 for La2CuO4 and a smaller value for
YBa2Cu3O6 with a reduced value for the transferred hyper-
fine field B = 0.40 µeV.
In conclusion, a large amount of NMR spin-lattice relax-
ation rates in cuprates can be explained by a robust model
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of fluctuating hyperfine fields. When the anisotropic struc-
tures are properly accounted for, there remains no striking
difference between the relaxations observed for the differ-
ent nuclei. The hyperfine fields at a nucleus are added in-
coherently at high temperatures. The degree of coherency at
lower T is determined by the AFM spin correlations which
at least for YBa2Cu3O7 can be extracted from the data. The
remaining basic relaxation mechanism which exchanges en-
ergy between the nuclear spins and the quasi-localized mo-
ments generally has a temperature dependence given by
τ−1eff = τ−11 (T ) + τ−12 . At low T , the term τ1 dominates
which is linear in T (modified sometimes with a sort of gap).
A cross-over then occurs at Tx to a constant τ2 at high T .
The cross-over temperature Tx is below 100 K for La2CuO4,
154 K for YBa2Cu4O8, and 420 K for YBa2Cu3O7. In the
case of La1.85Sr0.15CuO4, the constant τ2 is thus dominating
the relaxation already at temperatures above 100 K and has a
value which coincides with that of the rate with which a cop-
per nucleus flips in the exchange field of the paramagnetic
regime of the AFM insulator La2CuO4. The same identi-
cal behavior of the insulating paramagnetic and the metallic
phase occurs also in the YBaCuO family.
It has to be emphasized that this functional form of τeff
is not that expected for a two-fluid model. It is rather a one-
component fluid which at low temperatures reveals a metal-
lic and itinerant character of charge carriers but exhibits
with increasing T more local features. In other words, the
doped holes dominate the NMR spin-lattice relaxation rates
at low temperatures by energy exchange with the nucleus
by a mechanism with effective correlation time τ1 which in-
creases with temperature. When it becomes larger than the
constant τ2, the nuclei relax due to the hyperfine interac-
tions produced by the local moments in the same way as the
nuclei in the insulating paramagnetic phases of the parent
substances do.
This cross-over from an itinerant behavior at lower tem-
peratures to the appearance of localized moments at ele-
vated T is similar [16] to that observed for some proper-
ties of the ferromagnetic transition metals Fe, Co, and Ni.
With increasing temperatures, transition metals show more
and more local features, while itineracy and delocalization
of the d electrons become less important. The magnetization
curves closely resemble Brillouin curves and the suscepti-
bility in the paramagnetic regime does not show a Pauli-like
but a Curie–Weiss-like behavior.
The measured NMR spin-lattice relaxation rates thus pro-
vide rich information about the temperature dependence
of the electronic and spin excitations which, however, still
awaits a complete understanding. In this respect, it should
also be mentioned that the analysis [17] of kT −11α data in the
superconducting state within the frame of our model reveals
surprising results about the symmetry of spin correlations.
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